on behalf of the Neonatal Kidney Collaborative (NKC) BACKGROUND: Hypertension occurs in up to 3% of neonates admitted to the Neonatal Intensive Care Unit (NICU), and is a potentially under-recognized condition. The aim of this study was to examine the incidence of documented and undiagnosed hypertension from the 24-center Assessment of Worldwide Acute Kidney Injury Epidemiology in Neonates (AWAKEN) database, and to assess risk factors for hypertension according to gestational age. METHODS: Diagnosed hypertension was documented if an infant had a discharge diagnosis of hypertension and/or discharged on antihypertensive medications. Undiagnosed hypertension was defined when infants did not have a diagnosis of hypertension, but >50% of the lowest mean, diastolic and systolic blood pressure recordings were >95 th percentile for gestational age. RESULTS: Of the 2162 neonates enrolled in the study, hypertension was documented in 1.8%. An additional 3.7% were defined as having undiagnosed hypertension. There was a significant correlation with neonatal hypertension and acute kidney injury (AKI). Additional risk factors for neonatal hypertension were hyperbilirubinaemia, Caucasian race, outborn, vaginal delivery, and congenital heart disease. Protective factors were small for gestational age, multiple gestations, and steroids for fetal maturation. CONCLUSIONS: Neonatal hypertension may be an under-recognized condition. AKI and other risk factors predispose infants to hypertension.
INTRODUCTION
Adelman first reported neonatal hypertension in the 1970s and since then advances in medicine and the practice of Neonatology have led to an increased awareness of neonatal hypertension in Neonatal Intensive Care Unit (NICU) graduates. [1] [2] [3] The diagnosis of hypertension is considered if the systolic blood pressure (BP) is above the 95 th percentile on three separate occasions for newborn infants of similar gestational or postconceptional age and size. 1, 2, 4, 5 Although relatively uncommon in healthy term infants, hypertension in the term or pre-term neonate may be seen in up to 0.2-3% of all neonates admitted to the NICU. 2, 3, [6] [7] [8] [9] The definition of neonatal hypertension is not standardized, and defining what is considered normative BP in newborns is a complex task, as studies in both term and pre-term infants indicate that BP increases with both gestational and postconceptional age, as well as with birthweight and length. 1, 2, 4, 10, 11 Most studies to date investigating the incidence of neonatal hypertension have been single center studies, whereby the incidence varies with the population studied. Additionally, the measurement of BP in infancy is infrequently and inadequately performed, which may affect the results achieved and lead to the under-diagnosis of neonatal hypertension. 12, 13 To date there have been no large, multicenter studies defining neonatal hypertension and determining the incidence in NICU graduates. Previous cut-offs for BP were defined in the 1970s and 1990s by Adelman et.al and Zubrow et.al, providing guidelines that have been potentially outdated by technology and an increased awareness of hypertension in neonates. 14, 15 The aims of this study were to: (1) examine the incidence of documented neonatal Corrected: Correction hypertension according to gestational age; (2) assess the antenatal and postnatal risk factors (specifically acute kidney injury (AKI)) for neonatal hypertension according to gestational age; and (3) determine the incidence of potentially undiagnosed neonatal hypertension according to gestational age from a large, multicenter cohort. The primary hypotheses of this study were to test whether a proportion of neonates may have undiagnosed hypertension and whether infants with the risk factor of AKI developed hypertension after controlling for multiple confounders.
METHOD
Data for this study was extracted from the Assessment of Worldwide Acute Kidney Injury Epidemiology in Neonates (AWAKEN) database, which is a multicenter, international, retrospective cohort study. 16 Twenty-four level 2-4 NICUs in the United States (n = 20), Canada (n = 2), India (n = 1), and Australia (n = 1) participated in AWAKEN. A full description of the AWAKEN cohort 16 and the incidence and outcome of AKI in the AWAKEN cohort 17 have been recently published. Each center involved in the study had received approval from their Institutional Review Board or Human Research Ethics Committee.
Subjects
All infants who met the inclusion and exclusion criteria at each of the 24 participating centers from 1 January 2014 until 31 March 2014 were enrolled. The endpoints of the study were: discharge to home, transfer to another facility, or out of the NICU for escalating or convalescent care, death, or survival at 120 days of age. The exclusion criteria of the AWAKEN study included; not admitted to NICU, no intravenous fluids (IVFs) for at least 48 h, age > 14 days at NICU admission, lethal chromosomal anomaly, congenital heart disease with surgery at <7 days of life, and mortality at <48 h. Neonates diagnosed with severe congenital anomalies of the kidney and urinary tract were also excluded. Figure 1 outlines the inclusion and exclusion criteria. 16 BP was captured from all infants during the first week of life, and the highest and lowest BP for each of the three metrics (systolic, diastolic, and mean) were recorded. During subsequent weeks of enrollment, data were captured from a given day of the week, and the highest and lowest BP for each of the three metrics were recorded. The AWAKEN study captured data from the medical record and did not dictate the methods for measurement, thus, we can assume that there were variations in BP measurement from center to center and from infant to infant, and from day to day.
Definition of definite hypertension Was defined if an infant had a discharge diagnosis of hypertension and/or discharged home on antihypertensive agents. A literature review was performed and the 95 th percentile systolic BP, diastolic BP, and mean BP were designated for gestational age at day 1, day 4, week 1, week 2, week 3, week 4 of life, and at discharge (Table 1) . 12, [18] [19] [20] [21] [22] [23] Undiagnosed hypertension was conservatively derived with more than 50% of all the lowest readings (systolic, diastolic and mean) throughout the admission needing to above the 95 th centile for postconceptual age (Table 1) Definition of AKI The definition for AKI was based on the KDIGO definition for adults and children which includes: a rise in serum creatinine of ≥0.3 mg/dl from the lowest previous value, a 50% rise in serum creatinine from the lowest previous value and/or urine output of <1 cc/kg/hour. 16 This definition has been used in neonatal studies and was proposed by Jetton and Askenazi in 2012. 24 A recent review by neonatal and nephrology experts proposed that this definition be used as an empiric definition until further data was available to refine it. 25 Statistical analyses Data management and statistical analysis was performed at the University of Alabama in Birmingham using SAS software v9.4. Descriptive analysis was used to identify the incidence of neonatal hypertension within the AWAKEN population. Categorical variables were analyzed by proportional differences with the Chi-square or Fisher exact test (where appropriate). All continuous variables were tested for normality using the Shapiro-Wilk test. For normally distributed continuous variables, the mean and standard deviation (SD) were reported and analyzed using the Student's t-test. For non-normally distributed continuous variables, the median and interquartile range (IQR) were reported, and groups were compared using the Wilcoxon Signed Ranks test. Logistic regression was used to calculate crude odds ratio (OR) and associated 95% confidence intervals (CI) for the independent association between AKI and the likelihood of developing hypertension. Forward stepwise logistic regression model for hypertension was built using a significance level of entry of p < 0.1. Crude and adjusted odds ratios (OR) for variables that remained in the final model are reported. Variables considered for regression modeling included AKI, race, gestational age, birth weight, delivery site, admission for respiratory symptoms or failure, admission for hyperbilirubinaemia, admission for congenital heart disease, small for gestational age, multiple gestation, and maternal steroids for fetal maturation.
Definition of undiagnosed hypertension

RESULTS
Demographics of the entire cohort
A total of 2162 neonates were enrolled in the study. There were 1229 males (56.8%) and 933 females (43.2%). The mean gestational Incidence of neonatal hypertension from a large multicenter… EJ Kraut et al.
age was significantly higher in the hypertensive group than for the control group (34.9 ± 4.6 weeks vs 34 ± 4.5 weeks, p = 0.04). The average birthweight of the hypertensive group was significantly higher than the control group (2574.3 ± 1029.2 grams vs 2278.5 ± 989 grams, p = 0.002). Table 2 illustrates the percentage of BP recordings >95 th percentile for the AWAKEN cohort. Definite hypertension was found in 38/2162 (1.8%) with 24 having a discharge diagnosis of hypertension, 10 were discharged home on antihypertensive medication and 4 had a discharge diagnosis of hypertension and were discharged home on antihypertensives. Undiagnosed hypertension was found in 81/2172 (3.7%), thus, the overall incidence of diagnosed and undiagnosed hypertension was 5.5%. The rates of hypertension by gestational age category are listed in Table 3 . Being of Caucasian race, outborn, vaginal delivery, hyperbilirubinaemia, and congenital heart disease were significant risk factors for the development of hypertension for the whole AWAKEN cohort. Factors associated with reduced risk of neonatal hypertension were small for gestational age, multiple gestations, and steroids for fetal maturation (Table 4) . In comparison to those without hypertension the length of stay for the entire cohort was increased for the combined grouping of hypertension and undiagnosed hypertension (30.4 ± 33.6 vs 36.8 ± 38.9; p = 0.049).
Acute kidney injury
The overall incidence of AKI in the cohort was 29.9%. The incidence of AKI was significantly higher in the hypertensive group in comparison to the control group (41.2% vs 26.2%, p < 0.0001). Even after adjusting for other variables associated with hypertension (overall AKI, Race, gestational age, birth weight, delivery site, mode of delivery, admission for Respiratory Symptoms or Failure, admission for hyperbilirubinemia, admission for congenital heart disease, small for gestational age, multiple gestation, and maternal steroids for fetal maturation), neonates with AKI were nearly twice as likely to develop hypertension (adjusted OR = 2.1 (1.4-3.1), p = 0.004), (Table 5) . Table 6 depicts the relationship between presence or absence of hypertension with AKI type (urine output vs serum creatinine vs both) and stage 1-3 stratified by gestational age category.
Demographics for infants ≤29 weeks gestation Over 5% (15/276) of neonates born ≤29 weeks gestation had hypertension. Of these 15, 11 were diagnosed with definite hypertension and 4 were defined as having undiagnosed hypertension. The incidence of definite hypertension and undiagnosed hypertension in this gestational age group was 4.0% and 1.4%, respectively (Table 3) . Definite intrapartum bacterial infection was a significant risk factor for hypertension in this gestational age group (Table 4 ). In the hypertensive and control groups the rate of AKI was 40% and 42.9% (Table 4 ). There was no relationship between stage of AKI and a diagnosis of hypertension (Table 6 ). There was no difference length of stay between those without and those with hypertension (79.7 ± 44.5 vs 101 ± 29.5; p = 0.07).
Demographics for infants 30-35 weeks gestation Nearly 4% (37/958) of neonates born between 30 and 35 weeks gestation were diagnosed with hypertension. Of these 37, 6 were diagnosed with definite hypertension and 31 were defined as having undiagnosed hypertension. The incidence of definite hypertension and undiagnosed hypertension in this gestational age group was 0.6% and 3.2%, respectively (Table 3) . Being of Caucasian race, heavier birthweight, outborn, vaginal delivery and hyperbilirubinaemia were all significant risk factors for the development of hypertension in this gestational age group (Table 4 ). In the hypertensive and control groups the rate of AKI was 29.7% and 16.4% (Table 4 ). There was an increased risk of hypertension with Stage 1 AKI (Table 6 ). There was no difference in length of stay between those without and those with hypertension (29.2 ± 27.6 vs 31.9 ± 23.7; p = 0.55).
Demographics for infants ≥36 weeks gestation Over 7% (67/928) of neonates born ≥36 weeks gestation were diagnosed with hypertension. Of these 67, 21 were diagnosed with definite hypertension and 46 were defined as having undiagnosed hypertension. The incidence of definite hypertension and undiagnosed hypertension in this gestational age group was 2.3% and 5.0%, respectively (Table 3) . Oligohydramnios, outborn, vaginal delivery, and hyperbilirubinaemia were all significant risk factors for the development of hypertension in this gestational age group (Table 4 ). In the hypertensive and control groups the rate of AKI was 47.8% and 31.7% (Table 4) . There was an increased risk of hypertension with Stage 2 and 3 AKI (Table 6 ). In comparison to those without hypertension the length of stay was increased for the combined grouping of hypertension and undiagnosed hypertension (16.9 ± 18.7 vs 25.0 ± 33.6; p = 0.001).
For neonates that were classified as having undiagnosed hypertension, all three measurements (systolic, diastolic and mean) were significantly higher than those without hypertension or those that had been diagnosed with hypertension ( Fig. 2a-c and Table 7 ). It is likely that there was no difference in the measurements between those without hypertension and those diagnosed with hypertension due to treatment.
DISCUSSION
This study is the first to evaluate the incidence of neonatal hypertension and that of undiagnosed hypertension in a large, The bold values indicate the total incidence
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multicenter setting. The incidence of hypertension in previous studies has been reported in up to 3% of all neonates admitted to the NICU. 2, 3, [6] [7] [8] [9] In the AWAKEN cohort 1.8% of neonates were diagnosed with definite hypertension, however, an additional 3.7% of neonates were defined as having undiagnosed hypertension. The incidence of definite hypertension was greatest in the ≤29 week gestational age group, which may be accounted for by the closer monitoring that occurs in the most premature infants. The incidence of undiagnosed hypertension increased with gestational age, indicating a potential lack of monitoring in older pre-term and term infants. Thus, this data supports our first hypothesis that many neonates with hypertension remain undiagnosed.
The diagnosis of neonatal hypertension is important to ensure adequate treatment, to prevent the possible complications of cardiac and renal compromise, and to identify the risk of cardiovascular disease later in life. 4 The concept of early life physiological programming hypothesizes an association between prenatal environmental events, altered fetal growth and development, and later cardiovascular complications. 26 Therefore, elevated hypertension during the neonatal period may affect the development and organization of specific tissues, thus producing effects that persist into adulthood. Neonates that have undiagnosed hypertension may be more vulnerable to these complications later in life. Due to the limited data regarding follow-up of infants with neonatal hypertension more information is required regarding the potential cardiovascular and renal risk in adolescence and adulthood.
Relationship between AKI and neonatal hypertension The second hypothesis was confirmed by the results achieved in this study, whereby AKI was found to be a risk factor for the development of hypertension for the whole AWAKEN cohort. For those neonates diagnosed with an AKI, they were nearly two times more likely to develop neonatal hypertension, even after adjusting for other risk factors for hypertension. This result highlights the requirement for regular BP monitoring of those neonates with a diagnosis of AKI in the NICU. Although there have not been any large, multicenter studies in neonates investigating the relationship between AKI and neonatal hypertension, Hsu et.al found that in an adult population AKI was independently associated with a 22% increase in the odds of developing elevated BP, with higher adjusted odds with more severe AKI. 27 Their results extend previous findings in children regarding the risk of hypertension after various forms of acute renal disease. 28, 29 AKI results in parenchymal renal damage and the formation of inflammatory mediators that abolish the renal autoregulation mechanisms; myogenic and tubuloglomerular feedback. Renin is secreted in response to a decrease in arterial BP, detected by baroreceptors and reduced renal blood flow. Secretion of renin results in the production of angiotensin II, which constricts the small arterioles throughout the body therefore increasing BP and activating aldosterone. Aldosterone acts on distal tubules and collecting ducts of the nephron resulting in the conservation of sodium, thereby indirectly influencing water retention, blood volume and BP. 30 These effects are seen in neonates with AKI with reduced urine output which can result in fluid overload and potentially subsequent hypertension. The long-term effects of AKI in neonates in respect to ongoing hypertension and risk of chronic disease in adulthood is unknown.
Comparison of risk factors between gestational age groups During the intrauterine period, the cardiovascular system undergoes both structural and functional maturation and, therefore, gestational age is expected to play a role in determining BP. Variables considered for regression modeling: AKI, race, gestational age, birth weight, delivery site, mode of delivery, admission for respiratory symptoms or failure, admission for hyperbilirubinemia, admission for congenital heart disease, small for gestational age, multiple gestation, and maternal steroids for fetal maturation c Regression model was built using a forward selection procedure and a significance level of entry of 0.1 Table 6 . Number of neonates coded with hypertension with a diagnosis of acute kidney injury (AKI), according to various scoring tools in gestational age groups ≤29 weeks, 30-35 weeks, ≥36 weeks Furthermore, the risk factors that may contribute to an elevation in BP may vary between gestational age groups. This is the first study to identify hyperbilirubinaemia as a risk factor for neonatal hypertension. It is unclear whether increased bilirubin levels elevate BP independently or are a marker of activation of the heme oxygenase-1 enzyme.
Heme oxygenase (HO) enzymes catabolise heme released from the breakdown of red blood cells to carbon monoxide and biliverdin, which is subsequently converted to bilirubin by biliverdin reductase. 31 Two major isoforms of heme oxygenase have been identified, an inducible enzyme (HO-1) and a constitutive isoform (HO-2). HO-1 is a microsomal enzyme whose benefits are mediated by its by-products, which exert potent antiinflammatory, anti-oxidant, and anti-proliferative effects. The induction of HO-1 is an adaptive and beneficial response following ischemia-hypoperfusion, rhabdomyolysis, and nephron-toxininduced models of AKI. Although bilirubin is a part of this pathway, it is unclear whether it has protective effects or is a byproduct.
A rodent model of severe hyperbilirubinaemia due to loss of hepatic UGT1A1, is resistant to vascular remodeling following a challenge with angiotensin II. 31 Moderate hyperbilirubinaemia has also been found to preserve renal blood flow and normalize renal vascular resistance in angiotensin II treated mice. Ren et.al and Wang et.al have demonstrated an important role for bilirubin in protecting against excessive TGF-mediated constriction of the afferent arteriole; however, the exact mechanism by which this occurs is unknown. 31 Elevated bilirubin levels also result in the quenching of reactive oxygen species, such as superoxide, thereby protecting renal vasculature. 31 The results from this study support the above theory, and may suggest that heme oxygenase has a role in BP control. Further studies are required to investigate the underlying mechanisms and confirm the influence of bilirubin on BP.
In the 30-35 week and ≥36 week gestational age groups, vaginal delivery was found to be a risk factor for neonatal hypertension. A study by Sullivan et.al found that those delivered by cesarean section had lower BP. 32 However, these findings have not been supported by Uhari, making the role of mode of delivery in neonatal hypertension unclear. 33 The data on mode of delivery and BP in the first day of life and subsequent neonatal hypertension is very limited. There are many factors that have not been investigated in these studies including epidurals, types of anesthesia etc and how long this influence persists. The definition of hypertension is also rarely made in the first few days of life, where the influence of delivery has been noted to influence BP in normal neonates. The definition of hypertension must take into account gestation at birth and current postmenstrual age, but mode of delivery would not be a major factor to be considered in the diagnosis unless further information becomes available. Being of Caucasian race was also found to be a risk factor for the development of hypertension, contrary to a study by Vohr et.al. 34 These differences may be explained by the sample studied and although our study sampled from multiple countries, the majority of neonates enrolled were classified as Caucasian. Protective factors identified for the whole AWAKEN cohort were small for gestational age, multiple gestation, and antenatal steroids. Studies investigating the impact of birthweight on BP in early life have suggested a direct relationship, and Launer et.al showed that the direction of this relation between BP and birthweight reverses at 3 months of age. 35 Our findings were similar to the study by Pejovic et.al, which showed that BP was higher in neonates with higher birth weights. 36 Antenatal corticosteroids have become a mainstay of treatment in women at risk of pre-term delivery. Although our study found corticosteroids to be a protective factor, there is no clear consensus in the literature surrounding this topic. 18, 37 Multiple gestation neonates are often delivered electively at earlier gestations due to chorionicity and discrepant growth but are otherwise well, which may be protective against the other complications of prematurity.
Similar to our study, a previous study by Kent et.al included maternal and pregnancy-associated disease states allowing the investigation of their effects on neonatal hypertension. 38 Exclusion of neonates with congenital and chromosomal abnormalities prevents the analysis of neonatal hypertension in this high-risk population, potentially reducing the incidence. 11, 19 Unique to previous studies, we examined the incidence of definite and undiagnosed neonatal hypertension and risk factors for neonatal hypertension according to gestational age group. Previous studies have examined the incidence of neonatal hypertension according to birthweight categories, and it is not clear whether this is a better predictor for risk of developing hypertension. 34, 39 Despite the strengths of the study which include: large cohort size and contribution from twenty-four NICUs across the globe, we acknowledge the following limitations: (1) the small cohort for the ≤29 week gestational group, which may have had an influence on the significance of the results noted in comparison to the other gestational age groups. (2) The AWAKEN study did not document BP measurement technique, the extremity used, or level of activity during BP measurement in the twenty-four centers involved in the study, thus certainty of measurement is not definite. BP measurement in neonates requires careful attention to how and under what circumstances the measurements are taken. Invasive BP measurements are considered the gold standard; however, it can be affected by arterial spasm and incorrect placement of the transducer above or below the level of the heart. Non-invasive BP measurement is more commonly performed as invasive methods are time limited. Three BP measurements should be taken using an appropriate sized cuff, on an upper limb, with the neonate in a resting awake state. The type of measurement along with whether neonates were sedated, on inotropes or fluid overloaded was not collected in this study and is required for future prospective studies evaluating neonatal BP and hypertension. (3) We used an arbitrary, yet conservative cut-off point of the 95 th percentile and the infant had to have more than 50% of the lowest BP measurements obtained on the particular day to define undiagnosed hypertension. A cut-off point of the 95 th percentile is similar to previous studies examining the incidence of neonatal hypertension; therefore, these results are potentially comparable. Whether this is the most accurate way of defining hypertension in neonates is still uncertain. We acknowledge potential bias in the ascertainment of AKI, as many infants may not have had serum creatinine and/or urine output quantified during a potential AKI event, thus the true incidence of AKI may have been higher.
The results from this study suggest that neonatal hypertension is a potentially under-recognized condition seen in NICU graduates, who have required some degree of intervention for a heterogeneous group of illnesses. A clear definition and up-todate normotensive data is required for future appropriate diagnosis and understanding of neonatal hypertension. Table 7 . Systolic, diastolic, and mean BP results for each day documented throughout the study period between the three groups-no hypertension, diagnosed hypertension, and undiagnosed hypertension Emphasis should also be placed on closer monitoring of BP in neonates, especially those with AKI and other risk factors. Furthermore, the results from this study may suggest that heme oxygenase has a role in BP control, however further studies are required to investigate the underlying mechanisms and confirm the role of bilirubin in neonatal hypertension. More studies are also required to identify which risk factors are of concern in the diagnosis of neonatal hypertension according to gestational age.
CONCLUSION
This is the first large, multicenter study to determine the incidence of neonatal hypertension and potentially undiagnosed hypertension following admission to a neonatal intensive care unit. The incidence of definite hypertension in the AWAKEN cohort is similar to previous studies, however the incidence of undiagnosed neonatal hypertension highlights the need for up-to-date normative data and guidelines and regular BP monitoring in neonates. Considering this is the first study to examine the incidence of undiagnosed hypertension further studies are required to validate these findings. This is also the first study to identify AKI and hyperbilirubinaemia as risk factors for neonatal hypertension. Further studies are required to identify the significance of these risk factors and long-term outcomes in adulthood.
